Study Design: Retrospective case series. Purpose: We reviewed the cases that showed significant improvement of intraoperative neurophysiological monitoring (IONM) signals during spine surgery to assess whether there is a correlation with signal improvement and postoperative clinical status and its clinical significance. Overview of Literature: To reduce the risk of neural injury, many spine surgeons are using multimodality IONM. Although many studies attempted to identify valid alarm criteria for predicting postoperative neurologic deterioration, studies concerning the improvement of IONM signals are rare. Methods: We reviewed all spine surgery cases with IONM data treated at our department between January 2013 and May 2017. We found cases showing significant IONM signal improvements. We prospectively analyzed the neurological and clinical outcomes of these patients and compared outcomes pre-and postoperatively. Results: Among 317 cases with the IONM data, we found 29 cases that showed IONM signal improvement compared with baseline. There were 27 cases of compressive myelopathy: 22 had a degenerative cause at the cervical spine, and five, at the thoracic spine. There were two cases of huge neurogenic tumor each at the craniovertebral junction and at the lumbar spine. Both motor-evoked potentials (MEPs) and somatosensory-evoked potentials (SSEPs) signals were improved in six cases, only the MEPs signal improved in 10, and only SSEP signal improved in 13 cases. All cases showed the IONM signal improvement consistently after the decompression procedure during surgery. All patients had a significant improvement in neurological function and subjective symptoms, and none had neurologic deterioration postoperatively. Conclusions: Improvement of IONM signals during surgery may indicate that no unrecognized neural injury occurred during surgery and a favorable postoperative neurological outcome can be expected.
Introduction
The development of neurological deficit following spinal surgery is a devastating complication. Some of these complications are known to occur without any recognizable adverse event during surgery. Recently, multimodality intraoperative neurophysiological monitoring (IONM), including somatosensory-evoked potentials (SSEPs), motor-evoked potentials (MEPs), and electromyography (EMG) has been utilized and has been proven effective for preventing neurological injury during spinal surgery [1, 2] . SSEPs are used to monitor the dorsal column function, and MEPs monitor the function of the anterior and central portions of the spinal cord, including the corticospinal tract. Since the introduction of IONM, most studies have focused on signal loss as a sign of alarm indicating a neural injury, which may predict postoperative neurologic deterioration. Few studies have investigated the clinical meaning of an improved IONM signal during surgery [3] [4] [5] . Bouchard et al. [6] identified 11 patients with cervical spondylotic myelopathy who displayed intraoperative improvement of SSEP signals in 1996. Two additional studies, one by Visser et al. [7] and another by Wang et al. [8] , reported that intraoperative MEPs significantly improved during surgical decompression of the spinal cord. Although these studies found a significant correlation between improved intraoperative signals and postoperative clinical outcome, both had several limitations. Only single MEP or SSEP modality was used rather than the modern multimodality IONM. Quantitative and objective evaluations of the patient's neurological status were not made, and thus pre-and postoperative comparisons could not be made. Thus, none of these studies adequately addressed a causal relationship between improved IONM signals and improved postoperative clinical outcomes.
To overcome the limitations of previous studies, we retrospectively reviewed cases that showed significant improvements in IONM signals to determine whether the improved signals correlated with the postoperative clinical status.
Materials and Methods
This study was approved by the institutional review board of the Seoul National University Hospital (IRB approval no., H-1707-003-864) and the Ethics Committee exempted the study for obtaining patient informed consent as this was a minimal risk study. We retrospectively reviewed 317 cases from a single-institution prospective cohort of patients who underwent spine surgery using multimodal IONM at the department of orthopedic surgery between January 2013 and May 2017. Of those, 29 patients, who showed an increase in IONM signals (MEPs or SSEPs) and were followed up for at least 6 months, were included in this study. No criteria have been established for what constitutes a significant improvement in IONM signals; therefore, we developed criteria based on the findings of previous studies. A significant MEP improvement was defined as a greater than 100% increase in amplitude or the appearance of a distinguishable waveform during surgery, and improvement in SSEP was defined as a greater than 100% increase in amplitude or decrease in latency of at least 6% [6, 7] .
Anesthesia management
The anesthetic regime was strictly controlled when the IONM was used. No premedication was administered. Patients received intravenous anesthetic agents (propofol 4.5 µg/mL and/or remifentanil 1.7 ng/mL) compatible with IONM, and short-acting muscle relaxants (rocuronium 0.8 mg/kg) were used for intubation but not during surgery. After intubation, appropriate reverse agents (glycopyrrolate 0.4 mg and/or neostigmine 2 mg) were administered by an anesthesiologist.
Multimodality intraoperative neurophysiological monitoring technique
Multimodality IONM was performed by a trained surgical neurophysiologist using the NIM-ECLIPSE Spinal System (Medtronic Sofamor Danek, Memphis, TN, USA) according to the standard protocol. The procedure was successful in all patients. Serial monitoring was performed in both the lower and upper extremities from the time the patient was positioned on the operating table until the patient awakened from anesthesia. The stimulus amplitude was adjusted as needed for each patient. SSEPs were elicited by stimulation of the posterior tibial and median nerves. Cortical potentials were recorded from subdermal needle electrodes attached to standard cranial locations. Transcranial MEPs were recorded bilaterally from the deltoid, triceps, and thenar muscles in the upper extremities, and bilaterally from the tibialis anterior and abductor halluces muscles in the lower extremities. Spontaneous EMG was recorded at the same sites used to monitor MEPs. The neurophysiologist recorded the evoked discharges at baseline, after a change, at the time of the change, and during the main procedure. Then, the neurologist assessed the recordings as appropriate.
Neurological and clinical outcome assessment
Neurological assessment and patient-reported clinical outcome questionnaires were obtained pre-and postoperatively during regular follow-up visits to the outpatient clinic. For clinical analysis, preoperative data and at 3 months postoperatively were selected. Muscle strength was measured using the Motor Index Scoring System (MISS) ( Table 1 ) [9] . Self-reporting questionnaires were used to assess the recovery of subjective symptoms: the Short-Form 36 Health Survey Questionnaire (SF-36) was administered to all patients [10] ; the Japanese Orthopedic Association (JOA) Cervical Myelopathy Evaluation Questionnaire (JOACMEQ) and Neck Disability Index (NDI) were administered to patients with cervical myelopathy [11] ; the JOA score was obtained for patients with thoracic myelopathy [12] ; and the JOA Back Pain Evaluation Questionnaire [13] ; and Oswestry Disability Index were administered to patients with lumbar disorders [14] .
Statistical analysis
All data are expressed as the mean±standard deviation. All statistical tests were performed using IBM SPSS software ver. 23.0 (IBM Corp., Armonk, NY, USA). Statistical comparisons were made using the Wilcoxon rank-sum test for comparing the data pre-and postoperatively. The Kruskal-Wallis test was used for comparing the improvement rate of MISS and SF-36. The threshold for significance was p<0.05.
Results

Participants and descriptive data
The IONM signal improved in 29 of 317 patients (9.1%). Patient demographic characteristics are shown in Table 2 . Both MEPs and SSEPs increased in five patients, MEPs increased in 10 patients, and SSEPs improved in 12 patients. The MEP amplitude increased more than 100% in eight patients and a polyphasic waveform was elicited during surgery in one patient. Both are in one patient. SSEP amplitude increased more than 100% in 10 patients, and latency decreased in one patient. SSEP amplitude increased and latency decreased in one patient. The data of two patients who died from medical disorders unrelated to Finger abduction 5 5
Hip flexion 5 5
Knee extension 5 5
Ankle dorsiflexion 5 5
Extensor hallusis longus 5 5
Ankle plantar flexion 5 5 Total (n=100) 50 50 0=absent or total paralysis; 1=trace palpable or visible contraction; 2=poor, active ROM with gravity eliminated; 3=fair or active movement through ROM against gravity; 4=good or active movement through ROM against resistance; and 5=normal. ROM, range of motion. Neurogenic tumor, L5-S1 (extradural) 1
Postoperative follow-up period (mo) 13.1±5.6
Surgical procedure
Cervical laminoplasty 13
Reduction & arthrodesis (C1-2) 1
Anterior cervical disc fusion 5
Laminectomy 8
Tumorectomy 2
Values are presented as mean±standard deviation (range), number of cases, or mean±standard deviation.
the surgery before postoperative month 2 were excluded from the analysis. A flow diagram of patient inclusion and distributions of IONM signal improvement patterns is provided in Fig. 1 .
Neurological and clinical outcome data
The mean preoperative MISS score of 89.2±13.6 increased to 93.6±8.9 postoperatively (p<0.05) (Fig. 2) . The MISS score did not decrease in any patient postoperatively. The pre-and postoperative MISS scores were not significantly different in seven patients, six of whom had no muscle weakness postoperatively. The results of the pre-and postoperative self-reporting questionnaires are shown in The MISS improvement rate in the MEP improvement group was significantly better than that in the other two groups (p<0.05) and the SF-36 improvement rate in SSEP improvement group was significantly better than that in the other two groups (p<0.05) ( Table 4 ).
Illustrative case
A 48-year-old male with ossification of the yellow ligament (OYL) at T11-12 presented with gait disturbance and paresthesia affecting both soles ( Fig. 3A-C) . Magnetic resonance imaging (MRI) and computed tomography images revealed severe central canal stenosis at the OYL site and compressive myelopathy. The patient could walk unaided, but he had a wide-based and spastic gait with a JOA score of 6. Surgical decompression of the spinal cord was performed as follows. Under general anesthesia, the patient's T11-12 spinous process and laminae were exposed via a standard midline spinal approach in a prone position. After total laminectomy of T11, the Oswestry Disability Index (n=1) 16 9 Values are presented as mean±standard deviation or number. JOA, Japanese Orthopedic Association. Fig. 3. (A-C 
Discussion
We reviewed 29 cases, in which patients showed a significant improvement in the IONM signal after decompression of the spinal cord or cauda equina. We assessed each case using an objective manual muscle strength test, and self-reporting questionnaires were used to evaluate subjective symptoms. The neurological status was not aggravated postoperatively in any patient. Moreover, neurological function and subjective symptoms significantly improved postoperatively in all cases. Previous studies of IONM have reported similar findings; however, in addition to comparing pre-and postoperative neurological statuses, we assessed subjective symptoms and overall function, using various self-reporting questionnaires with proven validity and reliability for the different pathologies. Thus, our study provided a more objective assessment of the clinical symptoms and neurological status than previ-bilateral OYL mass that was compressing the spinal cord was removed en bloc together with the superior articular process and proximal part of the T12 lamina. The MEPs and SSEPs during surgery for the patient are shown in Fig.  4A -D. Following decompression on each side, the MEP amplitude improved sequentially. The amplitude of the right abductor halluces immediately increased from 103 μV to 984 μV (Fig. 4A, B) after removal of the right OYL mass (Fig. 5A) . Similarly, the amplitude of the left abductor halluces immediately increased from 50 μV to 726 μV (Fig. 4A, C) after removal of the left OYL mass (Fig. 5B ). The red trace shows SSEPs at baseline, and the green trace shows SSEPs after decompression (Fig. 4D) . The SSEP amplitude increased more than 100% after decompression in the right lower extremity. No postoperative neurological deficits occurred and his neurological status and paresthesia improved to a JOA score of 8 at the follow-up visit 6 months postoperatively. (Fig. 4A, B). (B) Removing left SAP and OYL mass (*) with a pituitary rongeur. Sequentially, the amplitude of the left abductor halluces immediately improved from 50 μV to 726 μV (Fig. 4A, C) . OYL, ossification of the yellow ligament; SAP, superior articular process. ous studies [6] [7] [8] .
Many factors influence the neurological recovery after decompressive surgery for cervical and thoracic myelopathy. Previous studies have suggested that the surgical outcome and prognostic factors include patient clinical characteristics (age at surgery, sex, duration of symptoms, preoperative JOA score, type of myelopathy, radiological findings, spinal cord evoked potentials type, surgical procedure, and follow-up period duration), intramedullary signal change on MRI, and outcomes of the 15-second grip-and-release test and the 10-second step test [15] [16] [17] [18] [19] [20] . However, the prognostic guidelines are not clear, thus, making it difficult for the surgeon to predict neurological recovery and outcome. Moreover, postoperative neurological deficits may occur even if no adverse event was observed during surgery. Our findings suggest that improved IONM signals predict a favorable surgical outcome and provide robust evidence that no adverse events occurred during surgery [21, 22] . Consideration of IONM data together with the previously identified prognostic factors will enhance surgeons' ability to predict the postoperative outcome.
Several factors can affect the IONM signal. If there are changes in the IONM signal, a neural injury during surgery should be considered. Ischemic injury may decrease the amplitude, and a mechanical injury may delay the latency and decrease the amplitude. Notably, all inhaled anesthetics produce dose-dependent suppression of the amplitude, but intravenous anesthetics are compatible with multimodal IONM. As muscle relaxants block neurotransmission, there are used only for intubation. Blood pressure, body temperature, and oxygenation can also affect the IONM signal. Evoked potentials deteriorate when the body temperature is below 28°C and above 42°C, and it has been suggested that evoked potentials should be performed within a range of 2°C-2.5°C above or below the baseline temperature. Hypocapnia affects SSEPs, and an abrupt drop in blood pressure may cause a change in the potential [23] [24] [25] . Furthermore, technical problems may also affect the signal. Our study included patients with various diagnoses; however, all etiologies involved the mechanical compression of neural tissue (i.e., cervical and thoracic spinal cord or cauda equina). Direct mechanical compression of the neural tissue and its blood supply are thought to cause neurological impairment [26, 27] . In our study, IONM signals improved after the main procedure of spinal cord decompression in all patients. Other potential factors influencing signal were controlled within the authors' aforementioned protocol of the IONM. Therefore, it is reasonable to assume that the resolution of mechanical compression by surgical decompression improved nerve conduction and other potential explanations can be ruled out. The mean estimated blood loss was 246.7±191.3 mL. The anesthetic regime was strictly controlled. The vital signs and arterial oxygen saturation were maintained within the normal range. Body temperature was maintained between 33.2°C and 36.4°C. Furthermore, IONM was performed by a trained neurophysiologis who used a consistent and reproducible neuromonitoring technique.
Still, our study had several limitations. First, the retrospective design may be considered of low methodological quality. Second, our sample size was relatively small and included only one patient with a lumbar lesion, a massive intradural-extramedullary tumor. The low number of lumbar lesion cases can be explained by the fact that IONM was primarily used when managing high-risk spinal cord injury cases at our institution. However, our study included more cases showing improved IONM data than previously reported studies with a similar objective. Bouchard et al. [6] found that SSEPs improved in 11 patients. In a case series of patients with spinal cord compression, Visser et al. [7] reported that MEPs significantly improved in eight patients, and Wang et al. [8] found that intraoperative MEPs improved after cervical cord decompression in 21 patients. Finally, we did not compare the outcomes of patients who showed signal improvement with those of patients whose signals did not change or deteriorated during surgery. Additional studies are needed to investigate these outcomes and determine the correlation between IONM findings and preoperative clinical neurological abnormalities, such as pyramidal tract and dorsal column dysfunction.
Conclusions
We identified cases showing significant improvements in IONM signals and evaluated the correlation between intraoperative signal improvement and clinical outcomes. Improvement in IONM signals is a predictor of favorable neurological outcome, particularly for spinal cord decompression surgery. Based on the present findings, we are confident in that intraoperative neural injury can be ruled out in cases with improved IONM signals and that neurological function can be expected to improve postoperatively. Therefore, we urge surgeons to consider the improved IONM signals as a sign of successful decompression.
